Chromatin influences gene expression by restricting access of DNA binding proteins to their cognate sites in the genome [1] [2] [3] . Large-scale characterization of nucleosome positioning in Saccharomyces cerevisiae has revealed a stereotyped promoter organization in which a nucleosome-free region (NFR) is present within several hundred base pairs upstream of the translation start site 4, 5 . Many transcription factors bind within NFRs and nucleate chromatin remodelling events which then expose other cis-regulatory elements [6] [7] [8] [9] . However, it is not clear how transcription-factor binding and chromatin influence quantitative attributes of gene expression. Here we show that nucleosomes function largely to decouple the threshold of induction from dynamic range. With a series of variants of one promoter, we establish that the affinity of exposed binding sites is a primary determinant of the level of physiological stimulus necessary for substantial gene activation, and sites located within nucleosomal regions serve to scale expression once chromatin is remodelled. Furthermore, we find that the S. cerevisiae phosphate response (PHO) pathway exploits these promoter designs to tailor gene expression to different environmental phosphate levels. Our results suggest that the interplay of chromatin and binding-site affinity provides a mechanism for finetuning responses to the same cellular state. Moreover, these findings may be a starting point for more detailed models of eukaryotic transcriptional control.
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When cells sense changes in environmental inorganic phosphate (P i ), the activity of the transcription factor Pho4 is modulated by phosphorylation 10 : Pho4 is phosphorylated on four sites, cytoplasmic and inactive when cells are grown in P i -rich medium; it is phosphorylated selectively on one site and localized to the nucleus in intermediate P i (about 100 mM) conditions; and it is unphosphorylated, nuclear and fully active in P i starvation 11, 12 . The co-activator Pho2 interacts with unphosphorylated Pho4 and is required for induction of many PHO genes 13, 14 ; however, it is not thought to be regulated in response to P i availability 12 . Despite being controlled by the same activators, the target gene PHO5 is expressed at a low level in intermediate P i conditions, whereas PHO84 is significantly induced 14 . Although both promoters contain a combination of highand low-affinity Pho4-binding sites [15] [16] [17] , more Pho4 is recruited to PHO84 in intermediate P i conditions than to PHO5
14 . We hypothesized that chromatin may influence gene expression by differentially regulating the accessibility of Pho4 sites in the PHO5 and PHO84 promoters.
To test this hypothesis, we constructed variants of the PHO5 promoter controlling transcription of a green fluorescent protein (GFP) reporter gene (Fig. 1a) . The PHO5 promoter contains five positioned nucleosomes (numbered 25 to 21), a low-affinity Pho4 site (CACGTTt) and a Pho2 site in the NFR, and a high-affinity Pho4 site (CACGTGg) and distal Pho2 sites occluded under nucleosome 22 (refs 16-20) . The difference in affinity between these two Pho4 sites is estimated to be about 3-fold by electrophoretic mobility shift assay 21 , and about 13-fold by a recent high-throughput fluorescence-based assay 22 . The Pho4 site in the NFR is required for transcriptional induction: Pho4 binds this site and recruits ATPdependent chromatin remodelling complexes that displace nucleosomes to expose additional cis-regulatory elements 23, 24 . We manipulated the accessibility of Pho4 sites by relocating motifs into and/or out of nucleosomal regions and verified that our genetic perturbations have minimal impact on PHO5 chromatin structure ( Supplementary Figs 1 and 2 ) 5 . To assess the effects of these alterations quantitatively, we assayed the steady-state expression of PHO5 promoter variants grown in different concentrations of P i . We observed surprisingly stereotyped behaviour when the output profile for each variant was normalized to its maximum expression. When grown in intermediate (10-100 mM) P i concentrations, variants containing a low-affinity motif in the NFR induce slightly (5 6 4% of maximum levels), whereas variants with an exposed high-affinity motif induce significantly (37 6 2% of maximum levels) (Fig. 1b) . This response is a function of the accessible Pho4 site and is independent of the number or placement of occluded Pho4 motifs: similar behaviour is observed when the highaffinity Pho4 site normally occluded by nucleosome 22 is transplanted or added under nucleosome 23 (variants L2, L3), or when there is a single accessible Pho4 site (variants L1, H1).
On the basis of our steady-state measurements, we expect promoter variants with an exposed high-affinity site to induce when cells reach the intermediate P i range, whereas we expect promoters with an exposed low-affinity site to remain essentially repressed until near the zero P i state. Indeed, we observe a difference in induction kinetics when the promoters are scaled to their particular dynamic range ( Fig. 1c) : the time-to-half-maximal induction of the high-affinity class is 146-157 min, whereas that of the low-affinity class is 186-197 min (Supplementary Table 1 , interpolated values). The average 40 min lag observed in the low-affinity variants is not solely a result of inherently slower promoter activation; the kinetic difference is reduced by disabling the vacuolar phosphate buffer which accelerates the transition to the zero P i state (Supplementary Fig. 3 and Supplementary Table 1) 25 . Rather, the lag is a consequence of how the affinity of the exposed site mediates a different response to the same upstream Pho4 signal in intermediate P i conditions. Thus, the affinity of the transcription-factor binding site(s) in the NFR also influences the apparent kinetics of gene expression.
To assess the generality of this promoter design principle, we asked if binding-site coordinates and affinities, in combination with nucleosome positions, would allow quantitative prediction of promoter response profiles and kinetics. As a test set, we selected and mapped promoter chromatin ( Supplementary Fig. 1 ) for PHO84 and five additional Pho4 targets that are highly induced by P i starvation and have a combination of high-and low-affinity motifs for Pho4 (Supplementary Figs 4 and 5). PHO89 and PHM6 exhibit nucleosomal arrays that, like PHO5, expose only a low-affinity Pho4 motif(s) in the repressed state (Fig. 2a) . The remaining four genes (PHO84, PHO8, PHM2 and PHM4) have promoters containing at least one accessible high-affinity motif (Fig. 2b) . Although many of these promoters likely contain Pho2 sites (which are difficult to recognize by sequence owing to AT-rich composition and degeneracy), in intermediate and high P i conditions these sites may not have a large influence on Pho4 recruitment because Pho4 is phosphorylated and unable to interact efficiently with Pho2 (ref. 12).
We expected PHO89 and PHM6 to behave similarly to PHO5, exhibiting low-level expression in intermediate P i and slow induction in P i starvation, and promoters containing at least one exposed highaffinity site (PHO84, PHO8, PHM2 and PHM4) to exhibit substantial expression and rapid induction. We created GFP transcriptional reporter strains and, consistent with our expectations, observed that PHO89 and PHM6 induce minimally in intermediate P i conditions (3 6 1% of maximum) whereas PHO84, PHO8, PHM2 and PHM4 induce significantly (34 6 5% of maximum) (Fig. 2c) . Additionally, when starved for P i , we observed that genes with an exposed highaffinity motif reach half-maximal induction in 121-156 min compared with 198-222 min for the low-affinity class (Fig. 2d and  Supplementary Table 2 , interpolated values). Therefore, the affinity of the accessible Pho4 site is sufficient to define a promoter threshold from which steady-state and kinetic behaviour follow.
Nucleosome mapping and sequence analysis reveal that about 50% of the evolutionarily conserved Pho4 sites in our selection of PHO promoters are inaccessible in the repressed state and become exposed when chromatin is remodelled in response to P i starvation (Fig. 2a, b and Supplementary Fig. 5 ). To assess the influence of these sites on quantitative gene expression in a controlled sequence background, we analysed the maximum induction levels of the PHO5 promoter variants (Fig. 3 and Supplementary Table 3) . Consistent with the role of the accessible site in the nucleation of remodelling, variants lacking exposed motifs (A1-A4) are uninducible or severely crippled. Otherwise, maximum transcriptional output differs by a factor of about four to seven and correlates with the number, affinity and placement of Pho4 sites, irrespective of their accessibility in the repressed state. Thus, chromatin enables significant decoupling of the determinants of promoter threshold from determinants of expression capacity.
Collectively, our observations are consistent with a model whereby nucleosomes compete with Pho4 for binding DNA, and nucleosome occupancy is dynamic and determined by a balance of assembly and disassembly activities [26] [27] [28] . The chromatin maps and range of promoter outputs observed in different P i conditions (Figs 1b, 2a-c, 3 , Supplementary Fig. 6 and Supplementary Table 3) likely reflect the different extents of chromatin remodelling resulting from a competition between Pho4 binding and nucleosome re-assembly. Even the A4 PHO5 promoter variant containing two high-affinity sites occluded by nucleosomes can be induced to a reasonable level (Fig. 3) . This observation is consistent with the model that chromatin is dynamic, and that multiple buried high-affinity sites are sufficient for Pho4 to compete successfully with nucleosomes.
At the sub-maximal Pho4 activity (that is, nuclear concentration and/or phosphorylation state 14, 29 ) associated with intermediate P i conditions, the occupancy of Pho4 at an exposed high-affinity site may be sufficient to nucleate substantial chromatin remodelling such that regulatory sequences that were previously nucleosomal now become more accessible, allowing for appreciable transcription. However, promoters with an exposed low-affinity motif likely do not achieve similar Pho4 occupancy until P i starvation. Indeed, in vivo Pho4 occupancy is substantially higher in intermediate P i a, Schematic of all PHO5 promoter variants controlling expression of yeGFP1. Large grey ovals represent nucleosomes, red triangles the highaffinity Pho4 motif (CACGTGg), blue ovals the low-affinity Pho4 motif (CACGTTt), and X the motif ablations. b, Physiological transcriptional response to extracellular inorganic phosphate (P i ) measured by flow cytometry. Data points represent median steady-state expression levels normalized to the median observed in P i starvation. Error bars represent interquartile ranges, which were observed to encompass the medians of at least three independent measurements. c, Induction kinetics in P i starvation. Data points represent median fluorescence levels scaled between the promoter-specific expression minimum at 0 h and maximum at 7 h. For b and c, red traces designate variants with an exposed high-affinity site, and blue traces variants with an exposed low-affinity site.
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LETTERS conditions at PHO promoters containing accessible high-affinity sites than at promoters with exposed low-affinity sites (Fig. 4a) . Tuning Pho4 activity such that only promoters with exposed high-affinity sites are substantially induced in intermediate P i is physiologically relevant: the products of first-response genes like PHO84 and PHM4 allow the cell to take up environmental P i and mobilize internal reserves before a second-order energy commitment is made in starvation conditions to upregulate PHO5 and other P i scavenging components 14 . Chromatin renders the signal required for promoter induction sensitive to fewer sites (that is, those exposed), while allowing nucleosomal sites to influence maximum transcriptional output once the promoter becomes open (Fig. 4b) . The threshold of activation and dynamic range thus become functionally decoupled, which would not be the case if all binding sites were exposed.
These observations indicate that the interplay between chromatin structure and binding-site affinity may allow different eukaryotic promoters regulated by the same factor to interpret and respond to Supplementary Fig. 4 ). Red triangles represent evolutionarily conserved high-affinity motifs (CACGTG consensus), dark-blue ovals represent evolutionarily conserved low-affinity motifs (deviations from the high-affinity motif), light-blue ovals represent low-affinity motifs that are not evolutionarily conserved ( Supplementary Fig. 5 ), and the x axis units reference promoter coordinates with respect to translation start (ATG 5 1). In a are PHO promoters with an accessible low-affinity Pho4 site; in b are promoters with at least one accessible high-affinity Pho4 site. c, Steady-state transcriptional response of PHO target genes to P i . Error bars are interquartile ranges (see Fig. 1b ). d, Induction kinetics in P i starvation.
High affinity Low affinity Ablation cellular signals uniquely. One implication of this finding is that future models of gene expression will require knowledge both of motifs and nucleosome positions. Additionally, the behaviour of PHO geneslargely a function of a single transcription factor-will likely prove simple compared with combinatorially controlled genes. But even with the nonlinearities created by multiple transcription factors, it will be fascinating to ascertain if similar architectural principles of promoter chromatin are conserved in other pathways and organisms as a mechanism for quantitatively configuring gene expression.
METHODS SUMMARY
Promoter variants. Pho4-binding sites or motif ablations were introduced into haploid S. cerevisiae at the chromosomal PHO5 locus. Additionally, the PHO5 coding region was completely substituted with the yeast-enhanced green fluorescent protein (yeGFP1) 30 reporter using targeted gene replacement. To assess maximal induction levels, a derivative series of strains was created harbouring both the PHO5 promoter mutations and a deletion of the PHO80 gene. Heterozygous transcriptional reporters. For representative PHO genes (except PHO84, where PHO84pr-yeGFP1 was placed ectopically), one allele in diploid S. cerevisiae was replaced with yeGFP1 at the chromosomal locus.
Growth conditions. For dose-response profiles, strains were grown in 0-50 mM extracellular P i for 18 h to reach steady-state expression. For induction kinetics, strains grown overnight in 10 mM P i were subjected to time-course measurements after transfer into 0 mM P i . For measurements of maximum induction levels, pho80D strains were grown 18 h in 10 mM P i to optical density (OD 600 ) 0.05-0.1. Flow cytometry. Fluorescence distributions were read using a Becton, Dickinson LSR II with 488 nm laser and calibrated to fluorescent polystyrene microspheres to control for experimental variation. Autofluorescence was assessed in all experiments by inclusion of a strain lacking yeGFP1. Data analysis was done using MATLAB. Promoter chromatin maps. Mononucleosome-length DNA purified from micrococcal nuclease treated spheroplasts was assayed by quantitative polymerase chain reaction using primer sets that tile approximately 1 kilobase of each promoter region. Chromatin immunoprecipitation. Cells were grown in high (10 mM), intermediate (100 mM) or no (0 mM) P i medium for 2.5 h, and fixed in 1% formaldehyde. Pho4 fold enrichment over POL1 in segments including the nucleosome-free region of each promoter was measured by quantitative polymerase chain reaction, and further re-normalized to the maximal fold enrichment observed in no P i .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
Exposed low
Exposed high High affinity Low affinity Ablation Fig. 1a ) shows differential occupancy in intermediate P i conditions at promoters with an exposed high-(H) versus low (L)-affinity site. Data points represent mean 6 s.d. from at least three independent experiments. b, Schematic depicting a possible mechanism that decouples promoter induction threshold from dynamic range. In high P i (top row), nucleosomes are fully assembled; in intermediate P i (middle row), substantial Pho4 occupancy occurs only at promoters with exposed high-affinity sites, resulting in chromatin remodelling and transcription commensurate to the total Pho4 recruited; and in P i starvation (bottom row), saturating Pho4 activity results in remodelling and maximum expression at all promoters. Nucleosome occupancy is indicated by the opacity of grey ovals, Pho4 by yellow ovals, and the amount of transcription by the thickness of the green arrows. See text for description.
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